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Abstract
Protein export systems derived from prokaryotes are used to transport proteins into or across the endoplasmic reticulum,
the mitochondrial inner membrane, and the chloroplast thylakoid membrane. Signal recognition particle (SRP) and its
receptor are essential components used exclusively for cotranslational export of endomembrane and secretory proteins to the
endoplasmic reticulum in eukaryotes and export of polytopic membrane proteins to the cytoplasmic membrane in
prokaryotes. An organellar SRP in chloroplasts (cpSRP) participates in cotranslational targeting of chloroplast synthesized
integral thylakoid proteins. Remarkably, cpSRP is also used to posttranslationally localize a subset of nuclear encoded
thylakoid proteins. Recent work has begun to reveal the basis for cpSRP’s unique ability to function in co- and
posttranslational protein localization, yet much is left to question. This review will attempt to highlight these advances and
will also focus on the role of other soluble and membrane components that are part of this novel organellar SRP targeting
pathway. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The thylakoid membrane of chloroplasts is the
marker compartment of photosynthetic eukarya. At
least four supramolecular protein complexes, each
containing 14^26 protein subunits, are assembled in
the thylakoid where they function as a quantum-,
electron- and proton-transfer machine essential for
sustaining life on earth. Biogenesis of the photosyn-
thetic complexes in the thylakoid requires this mem-
brane to be one of the major protein export sites of
the photosynthetic cell. Proteins from two genetic
origins, the nucleus and the chloroplast, are exported
from the stroma into or across the thylakoid. The
stroma, much like the bacterial cytosol or mitochon-
drial matrix, is the site of transcription and trans-
lation of chloroplast encoded proteins. In contrast,
nuclear encoded thylakoid proteins are expressed in
the cytoplasm, and imported into the organelle be-
fore entering thylakoid export pathways that origi-
nate in the stroma. Based on the evolutionary origin
of organelles, it is not surprising that protein export
from the stroma to the thylakoid resembles export to
the endoplasmic reticulum, to the mitochondrial in-
ner membrane, and to the bacterial cytoplasmic
membrane [1].
In general, proteins gain access to export pathways
through the use of a signal sequence at the N-termi-
nal end of the unfolded or partly folded polypeptide
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chain. The signal sequence interacts with specialized
proteins, which upon binding, mediate an interaction
with a receptor protein at the cytosolic face of the
target membrane. Translocation of the protein then
requires an interaction of the signal sequence with a
translocase to open a transmembrane channel, which
gates the protein either through or into the mem-
brane phase. The spatial movement of the protein
within the translocase is driven by soluble transloca-
tion motors that are often powered by the hydrolysis
of nucleoside triphosphate. On the trans side of the
membrane, folding, assembly or further targeting
may then be mediated by binding of the peptide se-
quences to cellular chaperones.
Targeting and translocation of proteins has been
investigated in detail in several experimental systems
in vitro and in vivo. In bacteria, four export path-
ways, the Sec- (Secretory)-dependent, and the Sec-
independent Tat- (Twin arginine translocation),
SRP- (signal recognition particle) and spontaneous
pathways have been characterised that catalyse pro-
tein export to the periplasmic space and into the
plasma membrane [2]. Export systems described in
the plasma membrane of bacteria, resemble molecu-
lar machines operating in the membrane of the en-
doplasmic reticulum [3], in the inner membrane of
mitochondria [4], and in the thylakoid membrane
of chloroplasts. In chloroplasts, like in the prokary-
otic gram negative progenitors, operation of homol-
ogous Sec-, Tat-, and SRP-export machineries and of
spontaneous export mechanisms has been excellently
reviewed [5,2,6^9]. This review will highlight recent
advances in the so-called SRP pathway (Figs. 1^3).
Chloroplast SRP (cpSRP) is unique in that it serves
to export proteins to the thylakoid by a conserved
cotranslational mechanism as well as by a novel
posttranslational mechanism. As a result of recent
work identifying additional soluble and membrane
components, work describing cpSRP^substrate inter-
actions, and studies of protein export in mitochon-
dria and bacteria, a more detailed model of cpSRP-
mediated protein export has begun to emerge.
2. General features of SRP-based targeting
Signal recognition particle (SRP) and its receptor
are essential components of cotranslational targeting
systems used to target endomembrane and secretory
proteins to the endoplasmic reticulum in eukaryotes
and polytopic membrane proteins to the cytoplasmic
membrane in prokaryotes [10,11]. Cytoplasmic SRPs
minimally contain a conserved RNA moiety and a
54-kDa GTPase, SRP54 (Ffh = ¢fty-four homologue
in Escherichia coli). Central to the SRP targeting
mechanism is the ability of SRP54 to bind the hydro-
phobic core of amino terminal signal peptides or
signal anchors as they emerge from the ribosome.
These two types of signal sequences, which are typ-
ically 20^30 residues in length, contain a positively
charged N domain followed by a central hydropho-
bic (H) core. Unlike signal anchors found in integral
membrane proteins, signal peptide H domains are
followed by a more polar cleavage (C) domain for
processing by signal peptidase. SRP binding to signal
sequences serves to arrest translation and to pilot the
entire ribosome-nascent chain-mRNA complex
Fig. 1. Pathways for protein export at the thylakoid membrane.
In chloroplasts, four separate export pathways have been de-
scribed that require either a signal peptide at the N-terminus
(N-terminal Box; cpSec, cpTAT, spontaneous) plus stromal fac-
tors (cpSec, cpSecA), no N-terminal signal sequence but stromal
factors (cpSRP with cpSRP43 and 54), or a signal sequence
alone for targeting to the thylakoid membrane (cpTAT, sponta-
neous). Signal peptides for cpSec-dependent translocation into
the lumen most closely resemble the bacterial homologue [101],
whereas the twin arginine motif is characteristic for vpH-depen-
dent cpTAT translocation of folded or partly folded proteins
[7]. The signal sequence of spontaneously inserted thylakoid
membrane proteins resembles membrane integration signals in
bacteria [2]. The stromal cpSRP43 protein is a unique chloro-
plast protein, whereas cpSRP54 is a homologue of the mamma-
lian SRP54 and its bacterial counterpart, Ffh [8]. Membrane
proteins, cpSecY, cpOxa1 and cpTAT (Hcf106), have been
identi¢ed by antibody-mediated inhibition of their function, to
participate in protein translocation and membrane insertion at
the stromal side of the thylakoid membrane.
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(RNC) to the target membrane owing in part to the
a⁄nity of SRP54 for a membrane-bound SRP recep-
tor (SR). So far, translational arrest by SRP has only
been described in eukaryotes. Once at the membrane,
GTP binding and hydrolysis by SRP and SR is used
to coordinate the release of SRP from the signal se-
quence and from SR, which allows transfer of the
RNC to a membrane protein translocase, the Sec61
complex in the ER or its bacterial homologue the
SecYEG complex. Translation resumes upon interac-
tion of the RNC with the translocase, resulting in
cotranslational transport into or across the target
membrane. An organellar SRP in chloroplasts,
cpSRP, is thought to participate in cotranslational
targeting of integral thylakoid proteins synthesized
in the chloroplast. Remarkably, cpSRP is also used
to posttranslationally localize a subset of nuclear en-
coded thylakoid proteins.
3. Substrates and soluble components of the
posttranslational SRP pathway
So far, posttranslational targeting by cpSRP ap-
pears restricted to a family of nuclear encoded thy-
lakoid proteins, the LHCs. The supporting evidence
comes largely from assays that reconstitute localiza-
tion of the major light harvesting chlorophyll a/b-
binding protein, Lhcb1, into intact chloroplasts or
isolated thylakoids [9,8]. The structure of Lhcb1
(hereafter referred to as LHCP) in the thylakoid
has been determined [12]. LHCP functions as a
trimer and spans the membrane three times with
the N-terminus on the stromal side and the C-termi-
nus on the lumenal side of the thylakoid. Like other
nuclear encoded thylakoid proteins, LHCP is local-
ized to the thylakoid membrane by a two-step mech-
anism [9,8]. In the ¢rst step, full-length cytosolic
LHCP precursor is imported into the chloroplast
stroma directed by a cleavable transit peptide. In
the second step, mature sized LHCP is localized to
the thylakoid as a soluble species termed transit com-
plex. Consistent with the involvement of stromal pro-
teins in the thylakoid localization step, in vitro for-
mation of the transit complex and integration of
LHCP into isolated thylakoids requires the addition
of stroma extract. Identi¢cation of a chloroplast
SRP54 homologue (cpSRP54) [13] and the discovery
that LHCP integration requires GTP hydrolysis [14]
led to the ¢nding that cpSRP is a component of the
transit complex and is required for LHCP integration
into isolated thylakoids in a novel posttranslational
manner [15] (Figs. 1 and 2).
Further characterization of cpSRP failed to iden-
tify a conserved RNA component present in cyto-
solic SRPs, but instead led to the identi¢cation of a
novel 43 kDa subunit (cpSRP43) [16]. Unlike
cpSRP54, the evolutionary origin of cpSRP43 re-
mains uncertain in the absence of identi¢able pro-
karyotic homologues. Reconstitution of transit com-
Fig. 2. SRP-dependent cotranslational and posttranslational ex-
port into the thylakoid membrane. The thylakoid membrane
protein LHCP, which constitutes the light harvesting complex
of Photosystem II in higher plant chloroplasts, is encoded in
the nucleus of the cell, is expressed in the cytoplasm as a pre-
cursor protein and is posttranslationally imported across the
two envelope membranes of the chloroplast [102]. Within the
chloroplast, the precursor is processed and LHCP is targeted to
the thylakoids by an SRP-dependent transit system employing
cpSRP43, cpSRP54, and cpFtsY (white, blue, and black circles)
[2,17]. For Sec-independent membrane insertion, stimulation by
the vpH and a requirement for the bacterial YidC and mito-
chondrial Oxa1 homologue, cpOxa1, has been identi¢ed (red
box) [39]. The chloroplast encoded polypeptide psbA was
shown to bind to a complex consisting at least of cpSRP54, ri-
bosome, precursor psbA nascent chain and the psbA mRNA
implying a targeting function of cpSRP54 [55]. Targeting of
psbA mRNA to the thylakoid membrane is also indicated by
membrane association of translation initiation regulators RB47
and RB60 (green triangle) [67,69]. Sec-dependent cotranslational
membrane insertion at a cpOxa1 containing SecYE-translocon
is suggested from characterization of SecY null mutants [93]
and bacterial studies investigating the function of the cpOxa1
homologue YidC (red box) [46].
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plex with cpSRP43, cpSRP54, and LHCP demon-
strated that an RNA component is not required for
posttranslational binding of cpSRP to LHCP and
also demonstrated that additional stromal proteins
are not required for transit complex formation [16].
It is notable that in stroma, cpSRP54 is found in two
distinct pools, one associated with ribosomes and
another associated with cpSRP43 [16]. Only the
cpSRP43-containing pool exhibits the ability to
bind full-length LHCP and reconstitute LHCP inte-
gration, which indicated a specialized role for
cpSRP43 in LHCP binding (see below). Despite ear-
lier reports that posttranslationally active cpSRP is a
heterotrimer containing two subunits of cpSRP43
and one subunit of cpSRP54 [17], recent studies
with functional E. coli-expressed cpSRP indicate
that it is a heterodimer containing a single copy of
each subunit [18]. Presumably, the transit complex
contains a single copy of cpSRP54, cpSRP43, and
LHCP, but this remains to be determined.
The origin of a ribosome-bound and cpSRP43-
bound pool of cpSRP54 in stroma is not understood.
CpSRP54 in stroma exhibits the ability to bind signal
peptides cotranslationally and is likely used to target
chloroplast synthesized thylakoid proteins (see be-
low). The observation that the ribosomal pool of
cpSRP54 gains transit complex-forming activity fol-
lowing addition of cpSRP43 suggests that the con-
centration of cpSRP43 in stroma maybe limiting for
heterodimer formation (Peterson, Harrison, Henry,
in preparation). It also suggests that interaction of
cpSRP43 with ribosomal cpSRP54 releases cpSRP54
from signal peptides and/or releases cpSRP54 from
ribosomes, possibly by competing with the ribosome
for a binding site on cpSRP54. If the latter is true,
then a cpSRP43 domain may be as e¡ective as full-
length cpSRP43 in initiating the release of cpSRP54
from the ribosome based on what is known about
the domain structure of cpSRP43 in coordinating
interactions with cpSRP54 and LHCP (see below).
Consistent with a conserved SRP-based targeting
mechanism, a chloroplast homologue of the SRP re-
ceptor K subunit, cpFtsY (FtsY in bacteria), was
identi¢ed in Arabidopsis [19]. Similar to FtsY,
cpFtsY is a GTPase that is partitioned between the
target membrane and the soluble phase [19,17]. The
requirement for cpFtsY in LHCP localization is evi-
denced by the ability of anti-cpFtsY to inhibit LHCP
integration into isolated thylakoids [19]. It has also
been demonstrated that all of the stroma-dependent
activities required for LHCP integration into isolated
thylakoids are replaceable by cpSRP, GTP, and
monomeric cpFtsY [17]. Based on the paradigm for
cotranslational SRP-based targeting, the formation
of the transit complex in stroma likely represents
the ¢rst committed step in LHCP localization follow-
ing its import into chloroplasts (see Fig. 2). In addi-
tion to maintaining the solubility of hydrophobic
LHCP in the stroma [20], it is hypothesized that
one function of cpSRP is to place LHCP in a con-
formation required for integration [21]. The nature
of the integration competent LHCP structure is not
known, but it may be a conformation required for
binding to translocation components at the thyla-
koid, e.g., cpOxa1 or proteins associated with
cpOxa1 (see below).
4. LHCP binds cpSRP54 and cpSRP43 to form
transit complex
Owing to the importance of cytosolic SRP54 in
cotranslational protein targeting, the structure and
function of SRP54 has been the object of intense
investigation. The atomic structure for Ffh has
been recently solved by crystallization of its function-
al domains, which include an N-terminal and
GTPase domain (N and G domains, respectively)
followed by a C-terminal methionine-rich domain
(M domain) (see [10] for review). The function of
the N domain is not well understood. However, crys-
tal structures of the NG domain in the presence or
absence of GTP have led to the proposal that the N
domain may regulate the guanine nucleotide occu-
pancy of the G domain [22]. Chemical cross-linking
studies have established that the M domain binds
signal sequence H domains [23]. The M domain
also contains the binding site for the SRP RNA moi-
ety [24], an interaction that has now been character-
ized at the atomic level [25]. Homology-based mod-
eling of cpSRP54 suggests that its structure closely
resembles that of bacterial SRP54, except for regions
where cpSRP43 may interact (Sakon, Henry, unpub-
lished). Therefore, it is reasonable to assume that the
M domain of cpSRP54 interacts with an H domain
present in LHCP. However, LHCP contains three
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hydrophobic membrane spanning regions and is 3^4
times larger than signal sequences bound by cytosolic
SRPs [26]. It is therefore not surprising that a speci-
alized cpSRP subunit, cpSRP43, is required to coor-
dinate the formation of transit complex.
An investigation of the LHCP structural proper-
ties required for posttranslational binding to cpSRP
determined that two domains of LHCP together are
important for transit complex formation; an H do-
main and a unique recognition element that is used
exclusively to promote posttranslational binding to
cpSRP [27]. The latter element is an 18 amino acid
hydrophilic domain (L18) located between TM2 and
TM3, the second and third transmembrane domains
of LHCP, respectively. L18 contains a cpSRP43-
binding motif that interacts with cpSRP43 at a site
di¡erent than cpSRP54 [28]. Interaction between
cpSRP43 and L18 is required to form transit com-
plex as evidenced by the ability of an L18 synthetic
peptide to inhibit transit complex formation and in-
tegration [27]. Fusion of L18 to the amino terminus
of preprolactin (L18-PPL) was su⁄cient to promote
binding of full-length L18-PPL to cpSRP43 and pro-
mote transit complex formation with full-length L18-
PPL [27,28]. Full-length preprolactin shows no abil-
ity to bind cpSRP43 or form a transit complex with
cpSRP, even though the preprolactin signal peptide
binds cpSRP54 e⁄ciently when presented cotransla-
tionally as a RNC [29]. These data together suggest
that L18 binding to cpSRP43 is required for
cpSRP54 interaction with signal sequence H domains
and that L18 is used for precursor recruitment to the
posttranslational SRP sorting pathway in chloro-
plasts. In this context, the L18 sequence is only
present in members of the LHC protein family. Iden-
ti¢cation of the amino acids in L18 critical for bind-
ing to cpSRP43 should provide the ability to predict
which proteins are localized by the posttranslational
SRP pathway. Recent results using four di¡erent
LHCs from Arabidopsis suggest that as little as
70% identity in the L18 region is su⁄cient for post-
translational localization by cpSRP. The same study
also found that an LHC with only 28% identity in
the L18 region does not utilize the cpSRP pathway
for integration into isolated thylakoids (Woolhead et
al., submitted).
Little is known regarding the mechanism by which
L18 binding to cpSRP43 leads to cpSRP54-LHCP
interaction. CpSRP54 alone shows very little binding
to full-length LHCP [28]. However, full-length
LHCP forms cross-linking adducts with cpSRP54
upon addition of cross-linkers to transit complex for-
mation assays [15]. Presumably cross-links were
formed between the M domain of cpSRP54 and
one of three di¡erent H domains in LHCP. Whether
L18 binding to cpSRP43 simply positions a nearby H
domain for interaction with cpSRP54 or is part of a
mechanism to increase the a⁄nity of cpSRP54 for H
domains is not known. To better understand the role
of cpSRP43 in transit complex formation, studies to
understand how cpSRP43 interacts with cpSRP54
and with LHCP have begun. Sequence analyses in-
dicate that cpSRP43 contains three chromatin bind-
ing protein (Chromo) domains and four ankyrin-re-
peat (Ank) motifs (Fig. 3 and see [30]). Both Chromo
[31^33] and Ank domains [34] are ubiquitous and
found to interact with other proteins and peptides.
Therefore, these domains are often termed ‘adaptors’
mediating interactions between various proteins.
Using a yeast two-hybrid system to analyze the
role of these predicted functional domains, it was
found that the L18 domain from LHCP binds
Ank1 whereas the combination of Chromo 2 and 3
are used to bind the M domain of cpSRP54 [30].
Ank3^4 was determined to form a cpSRP43 dimeri-
Fig. 3. Domain structure of cpSRP43 coordinates protein^pro-
tein interactions required for transit complex formation with
LhcB. Database analysis of mature cpSRP43 from Arabidopsis
was used to identify structural domains that are known to me-
diate protein^protein interactions (see text). These include an
ankyrin (Ank) repeat (Ank1^Ank4) and two chromatin-binding
(Chromo) domains (Chromo2 and Chromo3) identi¢ed previ-
ously [30,48]. An additional Chromo domain near the N-termi-
nus (Chromo1) was identi¢ed by SMART analysis (Sakon,
Henry, unpublished). The position of the Ank repeat and each
Chromo domain within the mature cpSRP43 sequence (begin-
ning AVQRT) is indicated along with the function of domains
that have been investigated ([18,30] and see text).
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zation domain. However, the demonstration that
cpSRP43 is a monomer in the absence of cpSRP54
as judged by analytical ultracentrifugation [18] raises
doubts about this interpretation. Groves et al. have
used a less biased approach to understand protein-
protein interactions important for transit complex
formation. CpSRP or its subunits were examined
for the ability to bind immobilized overlapping pep-
tide arrays of LHCP or peptide arrays of the cpSRP
subunits [18]. Their results largely support previous
work regarding cpSRP interactions with LHCP. In
addition, they found that cpSRP43 interacted
strongly with peptides present at the C-terminal tail
of cpSRP54, a positively charged region immediately
following the conserved M domain that is unique to
cpSRP54. Deletion of this 26 amino acid tail from
cpSRP54 correlated with the loss of heterodimer for-
mation with cpSRP43. Studies in our laboratory in-
dicate that the region of cpSRP43 corresponding to
the Chromo3 domain does not bind cpSRP54 nor is
it required for transit complex formation (Peterson,
Harrison, Henry, in preparation). In contrast, Chro-
mo2 interacts with cpSRP54 as e⁄ciently as full-
length cpSRP43. Together with interactions identi-
¢ed by two-hybrid screens and by peptide scanning,
it is likely that 43/54 heterodimer formation is
achieved by interaction of the Chromo2 domain
with the unique C-terminal tail in cpSRP54. The
fact that the Chromo3 domain in cpSRP43 is not
required for transit complex formation raises the
possibility that it functions in other aspects of
LHCP localization.
It is noteworthy that cotranslational binding of
signal peptide H domains to all SRP54s requires a
threshold of hydrophobicity [29,35^37]. When seg-
ments of LHCP were presented as RNCs, e⁄cient
cross-linking of LHCP nascent chains to cpSRP54
or mammalian SRP54 was restricted to constructs
that exposed TM3, the most hydrophobic of the
three TMs in LHCP [29]. Similar results were ob-
tained by peptide scanning; only LHCP peptides
containing TM3 showed interaction with cpSRP54
[18]. However, full-length LHCP constructs lacking
TM3 form transit complex as e⁄ciently as full-length
LHCP [27]. Therefore, it is possible that the
cpSRP43/L18 interaction reduces the hydrophobicity
threshold required for H domain binding by
cpSRP54 thereby allowing cpSRP54 to interact
with transmembrane domains other than TM3. For
example, a TM2 construct e⁄ciently forms transit
complex as long as the L18 sequence was included
at the C-terminus (Peterson and Henry, unpub-
lished). Together, these data raise the possibility
that LHCP in transit complex can be in more than
one conformation, one in which cpSRP54 is bound
to TM3 or one in which cpSRP54 is bound to TM2.
To understand how integration competence of
LHCP is related to its structure in transit complex,
it will be important to determine which H domain in
LHCP is bound to cpSRP54 and how the remaining
TMs are con¢gured.
Whether cpSRP43 directly interacts with LHCP H
domains is not known. The ability of L18 synthetic
peptide to compete with LHCP for binding to
cpSRP43 suggests that cpSRP43 does not bind else-
where to LHCP. On the other hand, additional in-
teractions between LHCP and cpSRP43 may only
take place in the presence of cpSRP54 and/or may
only proceed following L18 binding to the Ank1 do-
main of cpSRP43. The structure of Ank domains in
complex with targets has provided invaluable insight
into the molecular basis for protein-protein interac-
tions [34,38]. Ank repeats form a uniform domain
with a solvent-accessible face opposed by a hydro-
phobic groove. Binding can use much of the avail-
able solvent-accessible surface, but the ankyrin
groove can also be employed in protein^protein in-
teractions [34]. The ankyrin groove observed in ho-
mology-based models of cpSRP43 is very hydropho-
bic with multiple aromatic residues suggesting that
together, the Ank repeats of cpSRP43 could contrib-
ute to H domain binding (Sakon, Henry, unpub-
lished). However, this possibility remains to be exam-
ined.
5. Membrane components of the posttranslational
SRP pathway
Once at the membrane, recent work suggests that
integration of LHCs into the bilayer relies on the
integral thylakoid protein Albino3 (cpOxa1) [39], a
homologue of bacterial YidC and the mitochondrial
translocon component Oxa1p (see [40] and references
therein). The function of both YidC and Oxa1 ap-
pears restricted to the biogenesis of integral mem-
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brane proteins. In E. coli, YidC copuri¢es with the
SecYEG translocon and interacts with the transmem-
brane domain of a nascent chain, presumably as the
chain progresses from the Sec translocon to the lipid
bilayer [41]. Together, these observations have fu-
elled speculative models of LHCP localization in
which integration into the thylakoid involves transfer
of LHCP transmembrane domains from a homolo-
gous Sec translocase to cpOxa1 as LHCP moves into
the lipid bilayer. The observation that LHCP inte-
gration is una¡ected by antibody to cpSecY does not
support this idea since the same antibody speci¢cally
inhibits transport of a subset of lumen-resident pro-
teins localized by the Sec transport pathway in thy-
lakoids [39,42]. Moreover, Sec homologous compo-
nents are absent in mitochondria [43], which
indicates that Oxa1 (and possibly cpOxa1) does not
require a homologue of the SecYEG translocase to
mediate integration of membrane proteins. On the
other hand, the inhibitory activity of the cpSecY
antibody may have resulted from its ability to block
cpSecA binding to cpSecY without inhibition of
cpSecY function per se. In the absence of additional
data, the involvement of the thylakoid Sec translo-
case in LHCP integration cannot be ruled out.
6. Posttranslational binding to cpSRP is linked to
cpOxa1-mediated integration
Export into the thylakoid membrane of single
membrane spanning integral proteins PsbW, PsbX,
AtpG, and of the polytopic proteins LhcOa and
PsbS was found to be independent of stromal pro-
teins, of an energy requirement in form of NTPs or a
vpH gradient and of membrane proteins accessible
to an exogenously added protease [2,8,44,45]. How-
ever, a spontaneous integration mechanism described
in bacteria and presumably analogous to spontane-
ous integration described for this subset of thylakoid
proteins has been severely questioned. It was found
that when the expression and/or steady state level of
YidC was reduced, insertion of de novo synthesized
M13 Procoat protein and other bacterial Sec-inde-
pendent proteins were almost completely inhibited.
For membrane insertion of the Sec-independent pro-
teins, a direct interaction with YidC was described
[46]. Hence, Sec-independent insertion in bacterial
membranes does not occur spontaneously, but is fa-
cilitated by YidC. By analogy, it would be expected
that spontaneous integration of thylakoid proteins
requires cpOxa1. Yet, a recent examination of thyla-
koid proteins identi¢ed as substrates of the sponta-
neous integration mechanism suggests that these pro-
teins integrate in a cpOxa1 independent manner.
Moreover, additional LHC family members (other
than LHCP) examined in this study showed that an
integration requirement for cpSRP correlated with a
strict requirement for cpOxa1 (Mant et al., submit-
ted). Whether the transit complex and cpOxa1 di-
rectly interact or are held transiently in a complex
via simultaneous interaction with cpFtsY (or some
other membrane protein) at the membrane is not
known. Antibodies to cpOxa1 do not inhibit cpFtsY
binding to thylakoids nor does immunoprecipitation
of cpOxa1 from thylakoids solubilized with non-de-
naturing detergents result in co-precipitation of
cpFtsY (or coprecipitation of cpSecY; Moore,
Henry, unpublished). However, these possible inter-
actions may only form in the presence of LHCP.
Given the likelihood that not all aspects of the
cotranslational SRP targeting paradigm will apply
to the posttranslational mechanism, it will be neces-
sary to closely examine the similarities and di¡eren-
ces in these two di¡erent styles of protein targeting.
For example, the decrease in YidC expression in E.
coli also a¡ected insertion of Sec-dependent mem-
brane proteins that utilize a cotranslational Sec-path-
way and that temporarily associate with YidC, e.g.,
FtsQ and leader peptidase [41,47]. This indicates that
YidC may have a dual function for insertion of pro-
teins into the bacterial plasma membrane by the Sec-
independent and the Sec-dependent pathway. By
analogy, a dual function of cpOxa1 is predicted for
insertion of thylakoid membrane proteins. One pos-
sibility is that cpSRP is used cotranslationally to di-
rect proteins to a translocase composed of cpSecYE
and cpOxa1 whereas posttranslational targeting by
cpSRP is directed to cpOxa1. In this context, it is
not clear whether cpFtsY functions as a thylakoid
receptor for transit complex or whether transit com-
plex is targeted to the thylakoid as a result of LHC
interaction with membrane protein components, e.g.,
cpOxa1, where cpFtsY is required following the tar-
geting reaction to release cpSRP from LHCs at the
membrane. Guanine nucleotide binding by cpSRP54
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and cpFtsY is almost certainly used to mediate pro-
tein^protein interactions in the posttranslational SRP
pathway. However, drawing analogies from cytosolic
SRP targeting activities is not straightforward since
the precise role of guanine nucleotides in these sys-
tems is not well understood. The recently reported
ability to reconstitute integration of LHCP using iso-
lated thylakoids and E. coli-expressed cpSRP should
help elucidate the nature of protein^protein interac-
tions at the membrane that lead to LHC integration
and also aid in understanding the role of guanine
nucleotides in modulating these interactions.
7. In vivo studies support the role of cpSRP in
posttranslational localization of LHCs and also
identify a second pathway
While biochemical assays have suggested an abso-
lute requirement for soluble and membrane compo-
nents of the LHCP localization pathway, distinctive
phenotypes of plants de¢cient in cpSRP43 [48],
cpSRP54 [49,50], or cpOxa1 [51] support a role for
cpSRP54 and cpOxa1 that extends beyond LHCP
localization. This is not surprising since at least
cpSRP54 and cpOxa1 would be expected to function
in the biogenesis of chloroplast synthesized thylakoid
proteins based on the function of Ffh in bacteria and
the function of YidC and Oxa1 in bacteria and mi-
tochondria, respectively. In this context, transposon
insertion in the Alb3 gene that codes for cpOxa1 is
seedling lethal in Arabidopsis homozygous for the
insertion [51]. Mutants provided with a carbon
source develop leaves that are yellow and contain
chloroplasts that contain few thylakoids. This obser-
vation is consistent with a generalized role of cpOxa1
in the biogenesis of nuclear and chloroplast synthe-
sized membrane proteins. Presumably, cpOxa1 may
be required for integration of membrane proteins
that comprise the Sec and TAT homologous trans-
locases in thylakoids, which would contribute to the
severe depression of thylakoid development observed
in these mutants.
A phenotype similar to cpOxa1-de¢cient mutants
would be expected in mutants lacking cpSRP54
based on in vitro data discussed above and on its
expected role in the biogenesis of chloroplast-synthe-
sized proteins. In E. coli, where the SRP is used to
localize membrane proteins, mutations that prevent
accumulation of Ffh or the RNA component are
lethal [52]. Surprisingly, mutations that prevent
cpSRP54 function [50] or accumulation [49] result
in a developmental phenotype in Arabidopsis where-
by the ¢rst true leaves are yellow, but recover as the
leaves mature. All subsequent leaves develop nor-
mally. In the yellow ¢rst leaves, Photosystem I and
II reaction center proteins, as well as many of the
LHCs examined, were present at reduced levels.
These data support a general role of cpSRP54 in
the biogenesis of integral thylakoid proteins, one in
which cpSRP54 is used for cotranslational localiza-
tion of chloroplast synthesized proteins and for post-
translational localization of a subset of LHCs. Un-
like assays with isolated thylakoids, a strict
requirement for cpSRP54 is not evident in vivo pro-
viding evidence that a second pathway is up regu-
lated to compensate for the absence of cpSRP54 in
the localization of LHCs and chloroplast-synthesized
proteins. These observations are reminiscent of the
adjustments observed in yeast in response to the loss
of cytosolic SRP54 where compensatory mecha-
nisms, e.g., induction of heat shock proteins, are ini-
tiated that allow for growth in the absence of SRP
[53].
Arabidopsis mutants that lack accumulation of
cpSRP43 exhibit a very di¡erent phenotype from
those lacking cpSRP54. Namely, the plants are pale
green throughout development and exhibit reduced
levels of a subset of LHCs as evidenced by western
blotting and by an elevated chlorophyll a:b ratio
[48,49]. Reaction center proteins accumulate nor-
mally, which suggests that cpSRP43 function is re-
stricted to LHC localization. The fact that cpSRP54
mutants, and not cpSRP43 mutants, recover during
the course of development points to a possible role of
cpSRP43 in the recovery mechanism, i.e., cpSRP43 is
a component of a cpSRP54-independent mechanism
to localize LHCs. Double mutants of cpSRP54 and
cpSRP43 should be useful in addressing this ques-
tion. In the case of LHCs, the recovery mechanism
could be a second localization pathway that involves
the use of vesicles to move LHCs from the inner
envelope membrane to the thylakoid. Mutants of
VIPP1, a recently identi¢ed protein that is required
for the formation of vesicles from the inner envelope,
are de¢cient in thylakoid formation [54]. Determin-
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ing the content of these vesicles will be necessary to
understand whether they play a role in localizing
proteins to the thylakoid membrane. A related ques-
tion is whether chloroplasts obtained from plants
de¢cient in cpSRP54 are capable of localizing
LHCs to the thylakoid. Since these plastids appear
normal except in the ¢rst leaves at early stages of
development, their use in reconstitution assays may
provide a biochemical avenue to characterize an
SRP54-independent pathway for LHCP localization.
8. CpSRP-dependent targeting of nascent psbA to the
thylakoid membrane
In addition to its novel role in posttranslational
protein localization, cpSRP appears to have retained
a conserved cotranslational targeting activity. This
was ¢rst brought to light in cotranslational assays
that compared mammalian and chloroplast SRPs
for the ability to bind a mammalian signal peptide.
CpSRP54 from stromal extract crosslinked e⁄ciently
to the signal peptide of bovine preprolactin and was
also able to discriminate between functional and
non-functional signal peptides that di¡ered only in
signal peptide hydrophobicity [29]. By analogy with
cytosolic SRPs, an association of cpSRP54 with chlo-
roplast ribosomes was predicted to occur during
translation elongation of the plastid encoded hetero-
dimeric reaction center proteins of Photosystem I
and II, psaA/psaB, and psbA/psbD [49,55]. In an
in vitro initiation/translation system isolated from
chloroplast stroma and primed by plasmid-derived
transcripts, the psbA RNCs were shown to interact
with stromal cpSRP54, but not with cpSRP43 or
SecA, indicating that cotranslational binding of
cpSRP54 could target the psbA mRNA via a psbA
nascent chain from the chloroplast stroma to the
thylakoid membrane [55]. Here, truncated forms of
the psbA gene were translated and in the stable ri-
bosome nascent chain complexes formed, cpSRP54
was shown to interact only when the psbA nascent
chain was still attached to the ribosome (Fig. 2).
Also, in a thylakoid based ribosomal run o¡ system,
membrane integration of psbA was shown to contin-
ue in the absence of a vpH and in the presence of
azide. Although ribosomes were already attached to
the thylakoid membrane during run o¡ in this case, it
was concluded that the SecA-related mechanism is
not widely used for the targeting of chloroplast-en-
coded proteins [56]. In attempt to compare the mem-
brane participation in export across and into the E.
coli plasma membrane and the chloroplast thylakoid
membrane, the bacterial membrane protein leader
peptidase (Lep) was used as a model protein. Target-
ing and insertion mechanisms of Lep are well under-
stood. The protein spans the membrane twice and
has a 28 kDa periplasmic domain that requires
SecA and SecY in addition to the membrane electro-
chemical potential for export, following the positive-
inside rule [57]. In thylakoids, the protein was found
with the same topology as in E. coli. When Lep was
expressed in the presence of membranes, insertion
was stimulated by the vpH, and was strongly inhib-
ited by azide, suggesting a requirement for SecA ac-
tivity. Since no posttranslational export could be de-
tected at the thylakoid membrane, a cotranslational
export mechanism like in E. coli was suggested [58].
9. Targeting of psbA mRNA to the
thylakoid membrane
Like in chloroplasts, where chloroplast encoded
membrane proteins are mostly hydrophobic subunits
of the photosynthetic electron transport chain, mito-
chondrial genomes encode a small number of hydro-
phobic proteins most of which are subunits of respi-
ratory chain complexes. In chloroplasts and
mitochondria protein synthesis occurs in the proxim-
ity of the inner membrane system [59] and in both
compartments. It appears likely that translation and
translocation are at least kinetically coupled, where-
by aggregation of the hydrophobic translation prod-
ucts may be prevented [60,61]. Interestingly, the 5P-
UTRs studied in Chlamydomonas reinhardtii chloro-
plasts and yeast mitochondria contain both positive
cis-acting regulatory translation elements and homol-
ogous nucleus-encoded proteins that were reported
to function in mRNA speci¢c control in maize chlo-
roplasts and in yeast as well as Neurospora crassa
mitochondria [62,63]. This suggests that both endo-
symbiotic organelles retained a similar type of pos-
itive translational control as compared to a generally
more negative mode of control by translation repres-
sion in eubacterial and eukaryotic systems. Hence
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during evolution, positive cis-acting regulatory ele-
ments and corresponding gene speci¢c activators of
translation may have been retained selectively in the
endosymbiotic compartments of chloroplast and mi-
tochondria to regulate expression of the polytopic
and highly hydrophobic membrane proteins of the
electron transfer complexes.
In yeast mitochondria, the 5P-UTRs of cox2 and
cox3 mRNA have been shown to be required for
assembly of cox2p and cox3p into the cytochrome
c oxidase complex [64] and a genetically identi¢ed
activator protein of cox3 5P-UTR was shown be lo-
calized in the inner mitochondrial membrane [65].
This is compelling evidence that active translation
complexes are targeted to the inner membrane of
mitochondria through binding of gene-speci¢c mem-
brane-associated translation activators to mRNA se-
quences. The advantage of such targeting, especially
for the hydrophobic integral membrane proteins of
the electron transfer chains, appears evident. Protein
synthesis would not have to be arrested shortly after
a start in the matrix or stromal compartment to
avoid exposure of hydrophobic sequence stretches,
before targeting could occur via binding of a stromal
chaperone like cpSRP54 [55] to the nascent psbA
protein chain and the ribosome; but translation ini-
tiation would directly start at the membrane phase,
where assembly of the protein can take place.
In chloroplasts, RNA-binding proteins of 30^32,
46, 47, 60, and 80 kDa were found to be associated
with the 5P-UTR of the chloroplast psbC mRNA in
Chlamydomonas. One of the membrane-associated
RNA-binding proteins appeared to be RB47, de-
scribed as a homologue of poly(A) binding proteins
(PABP) [66], a speci¢c activator of psbA mRNA
translation initiation. Interestingly, the RNA binding
factors were found to reside at an inner envelope
membrane like membrane system associated with
thylakoid membranes [67]. Recently, cloning of
RB60, a member of a protein complex that binds
with high a⁄nity to the 5P-untranslated region of
psbA mRNA [68], identi¢ed a high homology to
the ER-localized protein disul¢de isomerase, includ-
ing an ER-retention signal at its carboxyl terminus.
Import and subfractionation of RB60 revealed that
imported and native RB60 is partitioned between the
stromal and thylakoid membrane phase, suggesting a
tight association of RB60 with thylakoids [69]. Since
RB47 and RB60 are essential for light regulated ac-
tivation of psbA mRNA translation initiation in
Chlamydomonas and are found tightly associated
with a membrane phase, translation initiation of
the mRNA is likely to start directly at the thylakoid
membrane (Fig. 2).
It is attractive to speculate that RNA targeting to
the thylakoid is part of a mechanism to ensure that
thylakoid polypeptides emerging from the ribosome
gain access to the protein translocation machinery
soon after translation begins. Such a mechanism
could possibly compensate for the absence of SRP-
based targeting in mutants lacking cpSRP54. As a
result of RNA recruitment to the thylakoid, RNCs
would be positioned near the translocon to promote
their interaction with the translocon. Whether RNA
targeting can be used to explain the mild develop-
mental phenotype of Arabidopsis lacking cpSRP54
[49] remains to be examined. It is less likely that
RNA targeting would compensate for the absence
of the SRP receptor homologue cpFtsY. Although
little is known regarding the role of cpFtsY in target-
ing chloroplast-synthesized proteins, its role in pro-
moting the release of SRP from signal sequences is
undoubtedly conserved. For this reason, it is pre-
dicted that mutants lacking cpFtsY would also lack
the ability to release cpSRP from signal sequences
thereby interfering with the ability of signal sequen-
ces to cotranslationally interact with translocon com-
ponents. In this context, the phenotype of cpFtsY
mutants relative to cpSRP54 mutants is likely to be
more severe.
10. Regulation of membrane-associated translation
elongation
Direct regulation of transcription and translation
initiation by photosynthetic electron transport chain
components is an upstream mechanism of consider-
able biological importance that is needed to regulate
membrane targeting and export, processes that ex-
pend extensive amounts of energy owing to transla-
tion elongation. Hence, an additional strategy for
ensuring tight regulatory control at the level of trans-
lation may be a corresponding regulation of trans-
lation elongation. For cotranslational insertion
through or into the endoplasmic reticulum mem-
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brane, arresting translation of the ribosome during
elongation and targeting of nascent chains has been
shown in vitro to be a physiologically important and
conserved function of eukaryotic SRP, which is
mediated by the SRP9/14 subunit and interactions
of the C-terminus of SRP14 [70].
In this respect, it was also not unexpected that
translation elongation of psbA is strictly light regu-
lated in higher plants [71^74]. In chloroplasts, elon-
gation of nascent chains occurs at a high rate in the
light and at a decreased rate in darkness. The rate of
[35S]Met incorporation into psbA-protein can be in-
creased by addition of exogenous ATP to the in vitro
translation reactions; however, ATP could not re-
place light, and at physiological concentrations of
stromal ATP, the rate is at least 25-fold higher in
the light than in darkness indicating that translation
elongation is arrested in darkness [72]. In the light,
addition of the electron transport inhibitor 3-(3,4-di-
chlorophenyl)-1,1-dimethyl urea is shown to inhibit
translation elongation even in the presence of ATP.
This inhibition can be overcome in the presence of
‘Photosystem I light’ (730 nm) only in the presence
of redox substances, which allowed an electron £ow
between plastoquinone and PSI or around Photosys-
tem I, if protons were transported into the thylakoid
lumen. In contrast, addition of the same substances
in darkness, or addition of redox substances that did
not promote proton transport, like DTT, thioredoxin
and/or ferredoxin, could not activate translation
elongation. Since release of the proton gradient as
well as darkness, rapidly prevents the light-dependent
activation of translation elongation, the formation of
a photosynthetic proton gradient across the thyla-
koid membrane appears to activate translation elon-
gation in chloroplasts. Interestingly, a lower proton
threshold level was required for the induction of
translation elongation than for synthesis of ATP
[73]. Hence, the photosynthetic proton gradient,
which is formed and released within seconds [75],
may be used at a very sensitive setting to monitor
photosynthetic electron transport and therefore light.
Such a regulatory mechanism seems useful, as the
highly energy-consuming process of translation will
be immediately retarded upon a light-dark transfer
of the plant, before the level of ATP is decreased
within the organelle.
Interestingly, proteins other than membrane pro-
teins appear to be synthesized directly at the mem-
brane surface. The large subunit of ribulose-1,5-bis-
phosphate carboxylase/oxygenase (LSU) is a stromal
enzyme; however, it is stringently synthesized on
membrane bound polysomes [76,77]. Also, other
soluble proteins, like the chloroplast elongation fac-
tor EF-Tu and the CF1 subunits, have been pro-
posed to be synthesized on membrane bound poly-
somes, although these proteins are not membrane
intrinsic [78,79]. If translation of membrane and stro-
mal polypeptides of the chloroplast occurs exclu-
sively at the membrane phase, N-terminal signal se-
quence would appear to be dispensable to direct
these proteins to the thylakoid membrane. Interest-
ingly, all plastid-encoded membrane proteins, except
for cytochrome f (petA) lack N-terminal signal pep-
tides, providing additional evidence that targeting
and export of plastid encoded proteins is controlled
during cotranslational interaction of the nascent
polypeptide chain with components of the membrane
phase [77].
It should be noted here that components required
for cotranslational protein export are easily also
understood as translational regulators, mainly for
regulation of the translation elongation phase. In
this respect, the 4.5S RNA complexed with the bac-
terial Ffh [80] was originally proposed to function as
a ribonucleoparticle binding to nascent chains during
translation, rather than to function during protein
translocation, since the RNA sedimented with ribo-
somes, could be released from ribosomes by puromy-
cin and all suppressor mutations that reduced the
cellular requirement for 4.5S RNA mapped to com-
ponents of the translational apparatus [81].
11. Coupling of translation elongation and
membrane integration
From transmission electron micrographs it is well
known that polysomal complexes bind to the thyla-
koid membrane of chloroplasts in whorls and spi-
ralled ¢gures, giving it a rough appearance, compa-
rable to the rough ER-membranes of the cell [82].
Since cotranslational targeting is mainly found to
be SRP-dependent in mammalian and bacterial sys-
tems and cpSRP54 mutants in Arabidopsis failed to
accumulate reaction center proteins early in develop-
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ment [49], the biochemical description of cotransla-
tional cpSRP54 binding to nascent psbA chains cor-
roborated the function of an SRP pathway for plas-
tid encoded membrane proteins [55].
SRP is known to arrest translation transiently un-
til GTP-dependent release from the ribosome nascent
chain complex [3]. In isolated intact chloroplasts
many polypeptides were radiolabeled that did not
comigrate in sodium dodecyl sulfate^polyacrylamide
gel electrophoresis with polypeptides labeled within
chloroplasts in vivo. During a subsequent chase pe-
riod, the psbA protein and the large subunit of ribu-
lose-1,5-bisphosphate carboxylase-oxygenase plus
several lower-molecular-mass translation products
of both proteins were converted into full-length poly-
peptides. Hence, many of the polypeptides observed
in pulse-labeled chloroplasts are incomplete transla-
tion products, which are the result of ribosome paus-
ing at discrete points along chloroplast mRNAs [83^
86]. It was concluded that ribosome pausing might
facilitate cotranslational binding of cofactors such as
chlorophyll to psbA and aid the integration of psbA
into thylakoid membranes. Both interpretations were
concerned to explain the cotranslational phase shift
during nascent chain elongation, leading to mem-
brane integration of the polysome bound nascent
chains. Since the presence or absence of de novo
chlorophyll synthesis produces changes in the accu-
mulation of full-length psbA [87] without altering the
abundance of translation initiation complexes [85] or
the elongation of nascent chlorophyll polypeptide
chains [88], it was concluded that membrane inser-
tion of the reaction center protein was independent
of de novo chlorophyll synthesis, but occurred co-
translationally, possibly during ribosomal pausing.
However, accumulation of proteins in the membrane
phase required chlorophyll, possibly to stabilize the
apoproteins against proteases.
Still, the reasons for ribosomal pausing during
translation elongation of chloroplast mRNAs re-
mained unclear. The rate-limiting steps in transla-
tion, translation initiation and termination require
ribosomal pausing. Here, assembly and disassembly
of the ribosome take place. However, during the
translation elongation phase, the fully assembled ri-
bosome is forced to slow down the rate of peptidyl
transfer during pausing. Reasons for ribosomal paus-
ing may be a mRNA secondary structure [89], pro-
teins that bind directly to the coding region of the
mRNA, or binding of proteins to nascent chains re-
leased from the ribosome, as shown for cpSRP54
[55]. Components regulating translation elongation
could be either stromal, reside on the thylakoid
membrane surface or in the membrane phase.
Whether cpSRP54 binding to RNCs plays a role in
translational pausing is not known.
12. Sec-dependent export of psbA into the
thylakoid membrane
Translation of soluble and membrane proteins on
membrane bound polysomes and cotranslational in-
sertion of membrane proteins into the thylakoid
membrane phase would predict that ribosomes are
associated with the membrane by a ribosome recep-
tor. However, up to now, no receptor for ribosomes
bound to the mitochondrial inner membrane or the
chloroplast thylakoid membrane has been identi¢ed
[90].
In bacteria, SecY is an indispensable component
for cotranslational export, which constitutes the core
protein of the cotranslational translocon in the bac-
terial plasma membrane. The cpSecY protein, a ho-
mologue of the bacterial SecY is localized to the
thylakoid membrane [91]. CpSecY null mutants in
maize exhibit a severe loss of thylakoid membrane
whereas mutants lacking cpSecA or double mutants,
in which cpSecA- and the vpH-dependent thylakoid-
targeting pathways were disrupted, did not show
such a loss of thylakoid membrane biogenesis
[92,93]. Interestingly, in the cpSecY null mutant
translation of chloroplast encoded psbA and atpF
mRNA was also severely a¡ected [93]. This could
indicate that cpSecY may play a dominant role dur-
ing ribosome binding for cotranslational export of
chloroplast-encoded proteins. This may favor specu-
lations about a downstream function of cpSecY after
targeting of psbA mRNA to the thylakoid mem-
brane, initiation of translation and pausing of trans-
lation elongation during binding of cpSRP to the
ribosome nascent psbA chain. A ribosome binding
activity of cpSecY is suggested by binding of
Sec61p, the yeast homologue of cpSecY, to ribo-
somes after in vitro reconstitution [94].
In yeast, Sec61p is found in two di¡erent trans-
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locons, one of which is involved in posttranslational
export by an SRP independent mechanism, the other
in cotranslational export [95]. The SecYE/Sec61K
complex is a remarkably conserved translocation
channel indicating that cpSecYE may be the most
likely candidate for cotranslational export of proteins
that remained in the prokaryotic expression environ-
ment of the endosymbiotic organelle during evolu-
tion. In di¡erent organisms, this complex has been
combined with a variety of other proteins that serve
as motors, and receptors, which together with specif-
ic channel gating mechanisms, result in formation of
several distinct translocation machineries. In mam-
malian cells, the Sec61 complex and translocating
chain-associated membrane protein (TRAM) are
necessary and su⁄cient to direct the biogenesis, in
the appropriate topology, of all secretory and mem-
brane proteins examined so far. Here, the translocon
opens laterally by TRAM to the lipid phase in order
to insert a cotranslationally targeted membrane pro-
tein domain, whereby the ribosome/translocon com-
plex distinguishes nascent membrane from secretory
proteins [3].
In bacteria, SRP-dependent export is a cotransla-
tional process [96]. However, binding of SRP to an
export protein does not allow for an exact prediction
of the translocon to be used for export. FtsQ and
mannitol permease require the SecYEG-complex for
cotranslational integration [97], whereas N-terminal
export of proW occurs also in the absence of a func-
tional Sec-machinery [98]. In E. coli, YidC appears to
cooperate with the Sec machinery for membrane in-
tegration, since YidC has been shown to at least
transiently interact with the puri¢ed SecYEG trans-
locase [41], indicating a direct role in membrane pro-
tein insertion in a function analogous to that sug-
gested for TRAM in the ER membrane [99]. Also
YidC was identi¢ed as an essential factor for co-
translational membrane insertion of FtsQ and Lep
[41,47] and for Sec-independent integration of mem-
brane proteins, indicating that YidC acts as a speci¢c
regulator of the Sec translocon during cotranslation-
al SRP/FtsY and posttranslational SecB/SecA-depen-
dent membrane insertion pathways [41,46]. Since the
bacterial YidC is a homologue of mitochondrial
Oxa1p and of chloroplast cpOxa1, these proteins
may have analogous regulatory functions for cata-
lysed membrane insertion of organelle-encoded pro-
teins in higher plants. Possibly, the stimulatory e¡ect
of the vpH-gradient on cotranslational export of
psbA [74,77] and posttranslational export of LHCP
[100] is also an indication of such an overlapping
function of cpOxa1 (Fig. 2).
Starting from the historical ‘spontaneous’ export
pathway, it now becomes clear that recruitment of
a regulatory membrane protein complex is necessary
for Sec-independent e⁄cient insertion of polypep-
tides into the inner membranes of bacteria and endo-
symbiotic organelles. For correct insertion into the
thylakoid membrane of chloroplasts, cis regulatory
sequence elements of the export protein and mem-
brane protein components provide the basis for
physical and chemical forces to attack the transport
substrates in trans across and within the membrane.
Identi¢cation and characterization of YidC, Oxa1p,
and cpOxa1 may now provide the structural and
functional basis for analysis of the catalysed Sec-in-
dependent cpSRP/spontaneous and Sec-dependent
cotranslational membrane insertion pathways. Here-
by, a dual targeting pathway for selective membrane
insertion of cpSRP pathway proteins and possibly of
many nucleus encoded bipartite thylakoid membrane
proteins seems to have been evolved.
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